W. Microarray analysis of gene expression in mouse aorta reveals role of the calcium signaling pathway in control of atherosclerosis susceptibility. Am J Physiol Heart Circ Physiol 296: H1336 -H1343, 2009. First published March 20, 2009 doi:10.1152/ajpheart.01095.2008.-Inbred mouse strains C57BL/6J (B6) and C3H/HeJ (C3H) exhibit a marked difference in atherosclerotic lesion formation when deficient in apolipoprotein E (apoE Ϫ/Ϫ ), and the arterial wall has been identified as a source of the difference in atherosclerosis susceptibility. In the present study, differences in gene expression in aortic walls of the two strains were analyzed by microarrays. Total RNA was extracted from the aorta of 6-wk-old female B6 and C3H apoE Ϫ/Ϫ mice fed a chow or Western diet. There were 1,514 genes in chow fed mice and 590 genes in Western fed mice that were found to be differentially expressed between the two strains. Pathway analysis of differentially expressed genes suggested a role for the calcium signaling pathway in regulating atherosclerosis susceptibility. Oxidized LDL (oxLDL) induced a dose-dependent rise in cytosolic calcium levels in B6 endothelial cells. oxLDL-induced monocyte chemoattractant protein-1 production was inhibited by pretreatment with calcium chelator EGTA or intracellular calcium trapping compound BAPTA, indicating that calcium ions mediate the effect of oxLDL on monocyte chemoattractant protein-1 induction. The present findings demonstrate involvement of the calcium signaling pathway in the inflammatory process of atherogenesis. gene profiling; genetic susceptibility; monocyte chemoattractant protein-1 ATHEROSCLEROSIS IS A CHRONIC inflammatory disease of the large-and medium-sized arteries involving numerous genes, as well as their interactions with the environment. The mouse has been a powerful force in elucidating the genetic basis of atherogenesis. More than 80 genes have been confirmed to play a role in atherosclerosis by using gene-targeted or transgenic mice (21). Inbred mouse strains that display quantitative differences in susceptibility to atherosclerosis or associated traits have also been used to search for genes and pathways that give rise to the traits. C57BL/6 (B6) and C3H/HeJ (C3H) mice are two inbred strains that exhibit marked differences in atherosclerosis susceptibility when fed an atherogenic diet or when deficient in apolipoprotein E (apoE Ϫ/Ϫ ) (8, 14) . Strain B6 readily develops atherosclerosis, while strain C3H is highly resistant to it. We have observed various differences between the two strains in atherogenic processes involving the arterial wall, including differences in the retention of apoB-containing lipoproteins in the arterial wall (2), in the capacity to oxidize low-density lipoprotein (LDL) (2), and in the expression of proinflammatory genes upon stimulation with oxidized LDL (13). Through aorta transplantation, whereby aortic segments from B6.apoE Ϫ/Ϫ and C3H.apoE Ϫ/Ϫ mice were transplanted into the infrarenal aorta of their F 1 strains, we have demonstrated that the arterial wall is a source of the difference in atherosclerosis susceptibility (9). However, atherosclerosissusceptible genes acting at the level of the arterial wall remain to be identified.
ATHEROSCLEROSIS IS A CHRONIC inflammatory disease of the large-and medium-sized arteries involving numerous genes, as well as their interactions with the environment. The mouse has been a powerful force in elucidating the genetic basis of atherogenesis. More than 80 genes have been confirmed to play a role in atherosclerosis by using gene-targeted or transgenic mice (21) . Inbred mouse strains that display quantitative differences in susceptibility to atherosclerosis or associated traits have also been used to search for genes and pathways that give rise to the traits. C57BL/6 (B6) and C3H/HeJ (C3H) mice are two inbred strains that exhibit marked differences in atherosclerosis susceptibility when fed an atherogenic diet or when deficient in apolipoprotein E (apoE Ϫ/Ϫ ) (8, 14) . Strain B6 readily develops atherosclerosis, while strain C3H is highly resistant to it. We have observed various differences between the two strains in atherogenic processes involving the arterial wall, including differences in the retention of apoB-containing lipoproteins in the arterial wall (2) , in the capacity to oxidize low-density lipoprotein (LDL) (2) , and in the expression of proinflammatory genes upon stimulation with oxidized LDL (13) . Through aorta transplantation, whereby aortic segments from B6.apoE Ϫ/Ϫ and C3H.apoE Ϫ/Ϫ mice were transplanted into the infrarenal aorta of their F 1 strains, we have demonstrated that the arterial wall is a source of the difference in atherosclerosis susceptibility (9) . However, atherosclerosissusceptible genes acting at the level of the arterial wall remain to be identified.
Microarrays, which are capable of quantifying thousands of genes for expression differences between samples simultaneously, have been used to define genetic variation associated with disease risk (3, 11) . They have an even greater utility in identifying regulatory and functional pathways in which up-or downregulated genes are functionally clustered into specific biological processes from the classification systems of the gene ontology annotation (1) . In the present study, we performed microarray analysis to compare gene expression in the arterial wall of B6.apoE Ϫ/Ϫ and C3H.apoE Ϫ/Ϫ mice when fed a chow or Western diet. Further analysis of differentially expressed genes suggested the involvement of the calcium signaling pathway in control of atherosclerosis susceptibility. The role of calcium signaling in oxidized LDL-induced monocyte chemoattractant protein-1 (MCP-1) production was further evaluated with cultured endothelial cells in vitro.
MATERIALS AND METHODS
Mice. Female B6.apoE Ϫ/Ϫ mice were purchased from the Jackson Laboratory (Bar Harbor, ME). Female C3H.apoE Ϫ/Ϫ mice at the N12 generation were generated in our laboratory. The animals were weaned at 3 wk of age onto a rodent chow diet. At 4 wk of age, mice either continued with the chow diet or were switched onto a Western diet containing 21% fat, 0.2% cholesterol, and 19.5% casein without sodium cholate (TD 88137, Harlan Teklad, Madison, WI) for a period of 2 wk. All procedures were in accordance with current National Institutes of Health guidelines and were approved by the Institutional Animal Care and Use Committee.
RNA preparation and microarray assays. The descending aorta of each mouse was prepared separately, as our laboratory previously described (15, 16) . Briefly, the vessel was flushed thoroughly with phosphate-buffered saline (PBS), containing 5 U/ml of heparin, through the left ventricle of the heart, cleaned of periadventitial fat and connective tissues, and snap-frozen in liquid nitrogen. The frozen aorta was mechanically broken up, followed by extraction of total RNA from the tissue with Qiagen RNeasy Mini Kit. Total RNA was pooled in an equal amount from four individual mice of each group and treated with DNase I to remove residual genomic DNA. cDNA synthesis and labeling and array hybridization were performed at our GeneChip/Microarray Bioinformatics Facility, according to Affymetrix's instructions (Affymetrix, Santa Clara, CA). Briefly, the above prepared RNA was reverse transcribed into cDNA, which was then used to generate biotin-labeled cRNA by in vitro transcription with an oligo(T7) primer and biotin-labeled UTP and CTP. cRNA was fragmented and hybridized to a mouse genome MOE430A array (Affymetrix). Four separate RNA samples prepared from B6.apoE Ϫ/Ϫ and C3H.apoE Ϫ/Ϫ mice fed a chow or Western diet were each hybridized to one array. The hybridized arrays were stained in the Fluidics Station 450 and scanned on the Affymetrix Scanner 3000, and fluorescent signal intensities for each spot on the arrays were analyzed using the Gene Chip Operating System (Affymetrix).
Microarray data were analyzed using the standard analysis procedures established at the UVA GeneChip/Microarray Bioinformatics Core. [The microarray data have been deposited in the NCBI Gene Expression Omnibus database (http://www.ncbi.nlm.nih.gov/geo/), and the GEO series accession number is GSE14854.] The procedures included assessment of the overall quality of array data, statistical evaluation of differentially expressed genes, and advanced pathway analysis. Six parameters were examined to assess overall assay performance, including background, noise, scale factor, 3Ј/5Ј ratios for the housekeeping genes GAPDH and ␤-actin, and signal intensity for spiked cRNA BioB. Once the quality of array data was confirmed, the Gene Chip Operating System was used to calculate signal intensities, detection calls, and their associated P values for each transcript on the array. Signal intensity denoted the difference in intensity values between perfect match (PM) and mismatch (MM) probes in a probe set. A probe set was composed of a series of probe pairs, each containing one PM probe and one MM probe. Wilcoxon one-sided rank test was used to calculate P value for each transcript based on measured values of PM probes and MM probes after corrections for background and noise of hybridization. A probe set with a detection P value Ͻ 0.04 was considered present, a P value between 0.06 and 0.04 was considered marginal, and a P value Ͼ 0.06 was considered absent. When a comparison expression analysis was conducted, the algorithm computed a change call, signal difference, fold change, and fold change P value for each transcript represented on the arrays. A probe set with a fold change P value Ͻ 0.05 was considered present.
Pathway analysis. Differentially expressed genes (Ͼ1.5-fold) that had a comparison P value Ͻ 0.05 but were not labeled as "absent" in microarray analysis for both strains were subject to pathway analysis. Data sets, each consisting of gene identifier, fold change in expression levels, and a comparison P value for each of the genes, were imported into Ingenuity Pathway Analysis software (Ingenuity Systems, Mountain View, CA) to detect biological pathways. The significance of the association of uploaded microarray data with the canonical pathway was measured in two ways: 1) a ratio of the number of genes from the microarray data that map to the pathway over the total number of genes that map to the canonical pathway was calculated; and 2) Fisher's exact test was used to assess the significance of the association between the observed data and the data in the canonical pathway. Each generated pathway was assigned a significance score, according to the number of differentially regulated focus genes in the data set. This score was the negative logarithm of the P value, indicative of the likelihood that focus genes were found together in a pathway randomly.
Real-time PCR analysis. A set of genes identified by the pathway analysis to be involved in calcium signaling were further examined for their expression in the aortic wall of B6 and C3H mice using real-time PCR. Total RNA was prepared from female B6.apoE Ϫ/Ϫ and C3H.apoE Ϫ/Ϫ mice fed the Western diet for 2 wk, as described above, treated with DNase I, and reverse transcribed to cDNA using ThermoScript RT-PCR system (Invitrogen). cDNA was mixed with SYBR Green supermix reagent (Bio-Rad) and gene-specific primers (see supplementary data; the online version of this article contains supplementary data). Real-time PCR on each sample was run in triplicate on an iCycler iQ5 machine (Bio-Rad) under the condition of 15 s at 95°C, 30 s at 55°C, and 30 s at 72°C for 40 cycles. Expression levels of each gene were determined in three to six biologically independent samples for each strain and were normalized to GAPDH.
Culture and treatment of endothelial cells. Endothelial cells were isolated from the aorta of B6 mice by an established explant technique (13) . Briefly, under sterile conditions, the thoracic aorta was harvested from the animals, cleaned of periadventitial fat and connective tissue, and cut into rings ϳ3 mm long. The aortic segments were placed on Matrigel in a 35-mm tissue culture plate and incubated in DMEM supplemented with 10% FBS, 1% penicillin-streptomycin, 90 g/ml heparin, 60 g/ml endothelial cell growth supplements, and 100 U/ml fungizone at 37°C in a 95% air/5% CO2 incubator. The vessel rings were removed once cell outgrowth was observed. Approximately 4 days later, the cells were passaged with Dispase and plated onto 0.1% gelatin-coated 60-mm culture dishes. The subsequent passages were performed with 0.25% trypsin-EDTA, and cells were split in a 1:4 ratio. Multiple independent isolates with this method have given reproducible results with regards to the expression of endotheliumspecific markers.
Confluent cells at passages 4 -6 were incubated overnight in DMEM containing 1% FBS and 1% penicillin-streptomycin. The cells of each mouse were then treated in triplicate with various reagents for 4 h in DMEM supplemented with 1% FBS and 1% penicillinstreptomycin.
Lipoprotein isolation and modification. LDL (d ϭ 1.019 -1.069 g/ml) was isolated from the plasma of healthy human donors by density-gradient ultracentrifugation, as described (4), dialyzed in PBS containing 0.3 mM EDTA, filtered through 0.22-m filters, and stored at 4°C. Lipoprotein concentrations were expressed as protein content. Oxidized LDL was prepared by incubating LDL in a dialysis tube at a concentration of 5 mg/ml with 7 M FeSO 4 in 0.9% NaCl solution at room temperature (13) . Iron oxidation of LDL produced ϳ1.8 nM thiobarbituric acid-reactive substances per milligram protein after dialysis.
Measurement of cytosolic calcium. Cytosolic Ca 2ϩ concentrations ([Ca 2ϩ ]i) in endothelial cells were measured using fluorescent dye fura 2, as described (12) . Briefly, cells cultured in 35-mm dishes were made quiescent by incubating overnight in serum-free medium. Cells were loaded with 16 M fura 2-AM and 0.083% pluronic F-127 (Molecular Probes) for 30 min and then washed with Krebs-Ringer buffer (125 mM NaCl, 5 mM KCl, 1.2 mM MgSO 4, 11 mM glucose, 2.5 mM CaCl2, and 25 mM HEPES, pH 7.4). Fluorescence of a cluster of six to eight cells located inside the light path was continuously monitored at 340-and 380-nm excitation and 510-nm emission with a Nikon Eclipse TE2000-U (Nikon Instruments, Melville, NY) equipped with a CoolSnap ES Camera (Photometrics, Tucson, AZ) and a Prior ProScan II (Prior Scientific, Rockland, MD). Fluorescent images were analyzed using MetaFlour software (Universal Imaging, Downingtown, PA). The ratio of fura 2 fluorescence intensity at the two excitation wavelengths (340/380 ratio) was used to determine the relative change in cytosolic Ca 2ϩ levels. In certain experiments, cells were pretreated for 30 min with 30 M BAPTA-AM or 2 mM EGTA (Calbiochem) before addition of oxidized LDL. Statistical analysis. Student's t-test was used to determine the statistical significance of differences in measurements between B6 and C3H with the same treatment or between two different treatments within the same strain. Differences were considered statistically significant at P Ͻ 0.05.
RESULTS
Global gene expression analysis. The overall quality of each expression chip was examined using six parameters, including background, noise, scale factor, 5Ј/3Ј end ratios of GAPDH and ␤-actin transcripts, and signal intensity for low-abundance control cRNA BioB. As shown in Table 1 , all quality assessment variables are within the acceptance limits suggested by Affymetrix.
Gene expression in the aortic wall was compared between B6.apoE Ϫ/Ϫ and C3H.apoE Ϫ/Ϫ mice when fed a chow or Western diet. On the chow diet, 1,514 genes, which represented 14.7% of the 10,328 genes spotted on the array, were significantly differentially expressed between the two strains (P Ͻ 0.05; Supplemental Table 1 ). On the Western diet, 590 genes, which accounted for 5.7% of the genes on the array, were significantly differentially expressed (P Ͻ 0.05; Supplemental Table 2 ). In contrast, the signal intensities of two . The x-axis depicts the pathways detected, and the y-axis depicts the negative log of the P values calculated using the right-tailed Fisher's exact test. The horizontal line on the plot represents significance threshold for all pathways, as calculated by Ingenuity Pathway Analysis software. Only significantly differentially expressed genes that were not labeled as "absent" for both B6 and C3H mice in the microarray analysis were subject to pathway analysis. TR, thyroid hormone receptor; RXR, retinoid X receptor; BMP, bone morphogenetic protein. 
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Continued abundantly expressed housekeeping genes, GAPDH and ␤-actin, on the arrays were comparable among the four groups of mice (Fig. 1) . The differentially expressed genes were then analyzed using Ingenuity Pathway Analysis software to identify underlying biological pathways. The most significantly enriched pathway was the calcium signaling pathway ( Fig. 2 ; P ϭ 1.48 ϫ 10 Ϫ5 for chow and P ϭ 3.1 ϫ 10 Ϫ5 for Western). On the chow diet, 11 focus genes in the pathway were highly (Table 2) . On the Western diet, 12 genes in the pathway were differentially expressed between the two strains, including Actc1, Atp2a2, Casq2, Chrna3, Myh6, MyL4, MyL7, Nfatc2, Ryr2, Tnnc1, Tnni3, and Tnnt2. In addition, on the chow diet, the acute phase response signaling pathway was significantly enriched (P ϭ 0.03). Five focus genes in the pathway, including Hamp, Il6st, Rbp7, Socs3, and Trf, were differentially expressed between the two strains ( Table 2) . On the Western diet, the phenylalanine metabolism pathway was significantly enriched (P ϭ 0.006). Got1, Got2, and Prdx2 in the pathway were highly expressed in B6 relative to C3H.
Confirmation of microarray result by real-time PCR.
Six genes in the calcium signaling pathway, including Actc1, Myh6, Ryr2, Tnnc1, Tnni3, and Tnnt2, which were found to be highly expressed in B6 mice on both chow and Western diets in the microarray analysis, were further analyzed by real-time PCR using RNA prepared from the mice fed the Western diet. Five of six genes tested were confirmed to be highly expressed in the aorta of B6 relative to C3H (Fig. 3) .
Calcium signaling pathway mediates oxidized LDL-induced MCP-1 production.
We previously demonstrated a marked difference between B6 and C3H mice in the response of endothelial cells to oxidized LDL with regard to the induction of inflammatory genes (13) . Thus the role of calcium signaling in oxidized LDL-induced gene induction was tested in endothelial cells from B6 mice. Oxidized LDL induced a prompt but transient increase in [Ca 2ϩ ] i levels in a dose-dependent manner (Fig. 4) . The dose-dependent effect was observed with 50, 100, and 200 g/ml oxidized LDL. [Ca 2ϩ ] i reached a peak ϳ20 s after addition of oxidized LDL and then decreased gradually. In contrast, neither PBS nor native LDL had any influence on [Ca 2ϩ ] i levels (Fig. 5) . The contribution of extracellular Ca 2ϩ to the rise in [Ca 2ϩ ] i was evaluated by incubating the cells with Ca 2ϩ -free Krebs-Ringer buffer. Absence of extracellular Ca 2ϩ had little influence on the rise, indicating that Ca 2ϩ was primarily released from intracellular stores (Fig.  5) . Pretreatment with the intracellular calcium-trapping compound BAPTA completely abolished the Ca 2ϩ increase induced by oxidized LDL.
We then examined the role of calcium signaling in oxidized LDL-induced MCP-1 production in endothelial cells from B6 mice. Treatment with oxidized LDL (100 g/ml) resulted in a 48-fold increase over control in MCP-1 concentration in the medium incubated with endothelial cells (2,080 Ϯ 138 vs. 44 Ϯ 2 pg/ml; P ϭ 0.00004; Fig. 5 ). Pretreatment with the calcium chelator EGTA resulted in a significant reduction in MCP-1 levels (566 Ϯ 92 pg/ml; P ϭ 0.000002), and pretreatment with BAPTA abolished MCP-1 production induced by oxidized LDL (33.2 Ϯ 3.5 pg/ml; P ϭ 0.00004).
DISCUSSION
In this study, we used a microarray expression profiling approach to identify genes and pathways that might contribute to the marked difference between B6.apoE Ϫ/Ϫ and C3H.apoE Ϫ/Ϫ mice in atherosclerosis susceptibility. We examined gene expression in the aortic walls when the two strains were fed a chow or Western diet and identified numerous genes that were significantly differentially expressed in the two strains fed either diet. Pathway analysis of differentially expressed genes identified the calcium signaling pathway, as well as several other pathways that might be implicated in control of atherosclerosis susceptibility. In vitro studies with endothelial cells from B6 Our laboratory previously demonstrated that the arterial wall is a source of the marked difference between B6 and C3H mice in atherosclerosis susceptibility (9) . Early studies of the arterial wall of the two strains focused on one or a few genes of interest (13, 14) , thus severely narrowing the scope of the findings. Due to the polygenic nature of atherosclerosis, recent studies have taken advantage of the microarray technology to examine genome-wide gene expression differences between the strains (18, 20) . The genome-wide transcriptional profiling of aortas from wild-type B6 and C3H mice identified a list of candidate genes relevant to growth, differentiation, inflammation, cathecholamine synthesis, phosphatase activity, peroxisome function, insulin-like growth factor activity, and antigen presentation (18) . However, in the diet-induced mouse model, atherosclerotic lesions are small and consist almost entirely of macrophage foam cells, and they are largely limited to the aortic root (8) . Thus the findings from this model may not adequately reflect the situation of human atherosclerosis, which typically occurs at vessel branch points and progresses from fatty streaks to fibrous plaques to complicated lesions. In contrast, apoE Ϫ/Ϫ mice develop lesions that are similar in many aspects to human lesions (7) . In an intercross derived from B6.apoE Ϫ/Ϫ and C3H.apoE Ϫ/Ϫ parental strains, Wang et al. (20) performed expression array analysis of the liver and adipose tissues and identified Ͼ 10,000 expression quantitative trait loci. However, the vessel wall, a tissue most relevant to atherosclerosis, had not been examined. In the present study, we evaluated transcript levels in the aortic wall of 6-wk-old apoE Ϫ/Ϫ mice that had been fed a chow or a Western diet for 2 wk. Under these conditions, the descending aorta, whereby RNA was extracted, had no detectable atherosclerotic lesions for both apoE Ϫ/Ϫ strains (data not shown). ApoE Ϫ/Ϫ mice develop spontaneous hyperlipidemia and atherosclerosis in a time-dependent manner. In previous studies, Nakashima et al. (7) examined atherosclerotic lesion formation in apoE Ϫ/Ϫ mice fed chow and Western diets and at ages ranging from 6 to 40 wk and observed no foam cell formation at 6 wk. At There were much more differentially expressed genes in the two strains when fed the chow diet than the Western diet. The two strains also exhibited much larger differences in atherosclerotic lesion size on the chow diet (Ͼ100-fold) than on the Western diet (ϳ10-fold) (14) . The reasons for the discrepancy in gene expression or lesion size on the chow vs. the Western diet are unknown. One likely explanation is that, on the Western diet, both strains develop severe hyperlipidemia, which might overwhelm the influence of genetic factors on gene expression or lesion formation, whereas, on the chow diet, the two strains have mild hyperlipidemia, which might have little impact on genetic influence to gene expression or lesion formation.
Pathway analysis of differentially expressed genes in the aortic walls of the two strains pointed out a role for the calcium signaling pathway in regulation of atherosclerosis susceptibility. Ca 2ϩ is a key intracellular second messenger in almost all eukaryotic cells, including endothelial cells and vascular smooth muscle cells. In endothelial cells, it serves as a positive or negative regulatory signal for a variety of cell functions, such as secretion of vasoactive substances, regulation of bloodtissue permeability, and modulation of vascular tone (19) . There is also evidence supporting that calcium signaling in endothelial cells is involved in the pathogenesis of atherosclerosis. It is well established that the regions of disturbed blood flow and low wall shear stress at arterial bifurcations are predisposing to atherosclerosis. Endothelial calcium levels in these regions are found to be altered, and this alteration has been suggested to be a contributing factor to the onset of atherosclerosis (10) . Oxidized LDL is also known to play a key role in the initiation and progression of atherosclerosis. It is a potent inducer of a variety of inflammatory genes involved in atherogenesis (17) . Our present study clearly showed that oxidized LDL induced a [Ca 2ϩ ] i rise in a dose-dependent manner. The oxidized LDL-induced intracellular Ca 2ϩ rise has been found in macrophages (5), smooth muscle cells (22) , and T lymphocyte cells (6) . Moreover, we found that the Ca 2ϩ rise after stimulation with oxidized LDL was primarily due to release of Ca 2ϩ from intracellular stores, as absence of extracellular Ca 2ϩ had little influence on the rise. In the present study, we found that the calcium signaling pathway mediated oxidized LDL-induced MCP-1 production in endothelial cells. Indeed, the Ca 2ϩ chelator EGTA and the Ca 2ϩ trapping compound BAPTA nearly completely abolished the induction. Our laboratory previously observed that oxidized LDL induces dramatic induction of MCP-1, macrophage-colony-stimulating factor, and heme oxygenase-1 in endothelial cells from B6 mice, whereas the induction in C3H is limited (13) . Our present study shows that calcium signaling mediates the activation process by which oxidized LDL results in increased inflammatory molecule production in endothelial cells, leading to vascular wall inflammation. Thus our findings suggest that genetic variations (polymorphisms/mutations) that affect the expression of genes involved in calcium signaling contribute to variation in atherosclerosis susceptibility. Female mice were used for the present study because they are more susceptible to atherosclerosis than their male counterparts. However, these findings may not be extrapolated to male mice since they were not studied.
